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A bstract 

Thermal control coatings with high thermal emittance and 
low solar absorptance are needed for Space Station 
Freedom (SSF) solar dynamic power module radiator 
(SDR) surfaces for efficient heat rejection. Additionally, 
these coatings must be durable to low earth orbital (LEO) 
environmental effects of atomic oxygen, ultraviolet radiation 
and deep thermal cycles which occur as a result of start-up 
and shut-down of the solar dynamic power system. Eleven 
candidate coatings were characterized for their solar 
absorptance, a s , and emittance, e, before and after exposure 
to ultraviolet (UV) radiation (200-400 nm), vacuum 
ultraviolet (VUV) radiation (100-200 nm) and atomic 
oxygen. Results indicated that the most durable and best 
performing coatings were white paint thermal control 
coatings Z-93, zinc oxide pigment in potassium silicate 
binder, and YB-71, zinc orthotitanate pigment in potassium 
silicate binder. Optical micrographs of these materials 
exposed to the individual environmental effects of atomic 
oxygen and vacuum thermal cycling showed that no surface 
cracking occurred. 


Introduction 

Power systems for the Space Station Freedom (SSF) 
must be able to reject their waste heat efficiently via 
radiator panels in order to maintain their prescribed 
operating temperatures. This requires the use of a coating 
on the surface of the radiator panels which reflects a large 
portion of incident sunlight and, therefore, has a low value 
of solar absorptance (a s ). In order to minimize the required 
surface area of the radiator panels for a specific radiant 
power, the coating must also have a maximum value of 
thermal emittance (e). 

In addition to meeting the power system requirements, 
the coating must meet requirements for durability to the low 
earth orbital (LEO) SSF environment including vacuum 


ultraviolet radiation, atomic oxygen, thermal cycling and 
micrometeoriod/debris impacts. 

The study summarized here is the result of a program 
which was initiated to evaluate the properties and 
characterize the performance of candidate SSF solar 
dynamic radiator (SDR) coatings. Since the requirements 
for the SDR coatings are similar to those for the 
photovoltaic radiator (PVR) coatings, as shown in Table I, 
this study is of relevance to both programs (E. P. 
Braunscheidel, 1990, Space Station Freedom Solar Dynamic 
Power System Branch, NASA Lewis Research Center, 
Cleveland, OH, personal communication; and K. A. White, 
III, 1990, Space Station Freedom Storage and Thermal 
Control Branch, NASA Lewis Research Center, Cleveland, 
OH, personal communication). 

Candidate materials included white thermal control 
coatings, second-surface metallized Teflon coatings, sulfuric 
acid anodized aluminum, and a plasma sprayed aluminum 
oxide coating. The materials w F ere tested for durability to 
ultraviolet radiation (200 to 400 nm wavelength range of 
radiation), vacuum ultraviolet radiation (100 to 200 nm 
wavelength range), vacuum thermal cycling and atomic 
oxygen. 

White Thermal Control Coatings 

Throughout the history of white thermal control paint 
coatings, extensive studies have been conducted to 
determine their space environmental durability, and much 
work has gone into their development. 1 * 8 The experiments 
performed as part of this effort will expand the existing data 
base, since the environmental effects testing performed here 
allows for comparison of the performance of these white 
thermal control paints with that of other types of thermal 
control surfaces tested in the same test facilities under 
identical conditions. 

Three types of white thermal control paint coatings 
that have been developed by the Illinois Institute of 
Technology Research Institute (IITRI) were evaluated in 
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this study. One of these materials, Z-93, is the current 
baseline material for use on the solar dynamic and 
photovoltaic power module radiator surfaces. This material 
is comprised of zinc oxide pigment in a potassium silicate 
binder. It typically shows emittance values approximately 
0.92 and absorptance values of 0.2 or less. 

Other materials chosen as candidates are YB-71, which 
is comprised of zinc ortho-titanate pigment in a potassium 
silicate binder, and S13G/LO, a flexible white 
organometallic material comprised of zinc oxide pigment 
(each particle is encapsulated in potassium silicate) in a 
methyl silicone binder. Both show emittance values of 
approximately 0.9 and absorptance values of approximately 
0 . 1 . 

For this testing, white thermal control coatings were 
deposited onto substrates by III KI using an IITRI- 
developed turbine deposition process. Lewis Research 
Center provided the substrates which were 0.9" diameter 
disks of 0.032" thick aluminum alloy 606 1-T6. The following 
are the coating thicknesses which provide minimum solar 
absorptance for each material: 4-5 mil for Z-93, 8-10 mil 
for YB-71, 4-6 mil for S13G/LO-41 and -51, and 8 mil for 
S13G/LO-1. 

Second-Surface Metallized Teflon Coatings 

Various types of second-surface silvered and 
aluminized Teflon thermal control coatings have been tested 
for space durability in flight tests and in the laboratory. 4, 9 
Thermal control materials developed by Sheldahl that were 
tested as part of this effort included layered thin film 
materials of second-surface metallized (aluminized or 
silvered) FEP Teflon, with silicon dioxide or cerium oxide 
protective coatings. Each contained FEP Teflon of 5.5 mil 
thickness. Mirror layers and protective coatings were of 
thicknesses such that they added negligible weight to the 
materials. Typical emittance values were less than 0.8, 
below the beginning-of-life requirement. Absorptance 
values of the Si0 2 coated metallized FEP materials were 
within the beginning-of-life requirements; however, the 
cerium oxide coated aluminized Teflon showed solar 
absorptance values of approximately 0.23 which did not 
meet the beginning-of-life requirement. 

These film materials were mounted onto disks of 0.032" 
thick aluminum alloy 6061-T6 using pressure sensitive 
acrylic adhesive. 

S ulfuric Acid Anodized Aluminum 

Anodized aluminum materials have been developed 
and tested for consideration as thermal control surfaces. 10 ' 12 
Boundary Technologies, Inc. supplied samples of 10 mil 
thick aluminum alloy 5657-H28 with 0.5 mil oxide and with 
1.0 mil oxide. Samples were 0.9" diameter with thin stems. 

The anodization process included a 20 second bright 
dip at 97°C in a solution of 15% concentrated HN0 3 /85% 
concentrated H 3 P0 4 . This was followed by anodization at 
22°C and 15 volts in 19.9% H 2 S0 4 , and, finally, sealing for 
5 minutes in 95°C water. 12 

For the 0.5 mil anodized material, typical emittance 
values were approximately 0.78 and absorptance values were 
greater than 0.2. For the 1.0 mil anodized material, 


emittance values were between 0.82 and 0.84 and 
absorptance values ranged from 0.15 to 0.3. 

Plasma Sprayed Alumina 

LTV Missiles and Electronics Group has developed a 
method of plasma spraying an A1 2 0 3 coating. LTV coated 
disks of 0.032" thick aluminum 6061-T6 with this material 
for testing. Typical beginning-of-life optical properties were 
emittance of 0.8 and solar absorptance of 0.3. 

Performance and Durability Testing 
Measurement of Optical Properties 

The instruments used to measure optical properties of 
emittance and solar absorptance are shown in Table II. 

Emittance Measurement Instruments: 

The Hohlraum reflectometer (NASA Lewis Research 
Center) was used to measure spectral reflectance at room 
temperature from 1.7 to 14.7 /im, and the spectral 
reflectance values were then converted to spectral 
emittance. Total emittance was calculated by convoluting 
the spectral emittance into the room temperature blackbodv 
distribution curve. 13 " 14 

The portable Gier Dunkie DB-100 infrared 
reflectometer (NASA Lewis Research Center, NASA 
Langley Research Center and LTV' Missiles and Electronics 
Group) was used to measure total emittance in the 
wavelength region between 5 and 25 Mm by using dual 
rotating cavities that reference sample radiation against an 
approximately room temperature blackbodv. 14 The accuracy 
of the DB-100 measurement is expected to be ±2 c ,c. 
Emittance of the sample at room temperature was measured 
in each case. 

Absorptance Measurement Instruments: 

The Perkin-Elmer Lambda-9 UV-VIS-NTR 
spectrophotometer with a 60 mm barium sulfate coated 
integrating sphere (NASA Lewis) was used to measure 
spectral reflectance over the wavelength range between 250 
and 2500 nm. Total solar reflectance (pj within this 
wavelength range was calculated by convoluting the 
reflectance spectra into the air-mass-zero solar spectrum 
over the same wavelength range. 14, Total solar 

absorptance, (a s ), was calculated by: 

a s = 1 - Ps 

The accuracy is within ±2%, and the repeatability of the 
measurements is ±0.005. 

The Beckman DK1-A with an 8" barium sulfate coated 
integrating sphere (NASA Langley) was used to measure 
spectral reflectance in the wavelength range between 
approximately 270 nm and 2300 nm. A similar method was 
used as with the Perkin Elmer Lambda-9 to obtain solar 
absorptance. The accuracy of the reflectance measurement 
is expected to be ± 5%. TTie repeatability of measurements 
with this instrument is ±0.005. 
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The portable Gier Dunkle MS-251 (LTV) was used to 
measure total solar reflectance in the UV-VIS-NIR 
wavelength region. The expected accuracy is on the order 
of ± 1%. 

Ultraviolet Radiation Exposure Testing 

Ultraviolet radiation exposure with in situ absorptance 
measurement was performed on ten of the candidate 
materials at the NASA Langley Research Center facilities 
courtesy of Mr. Wayne S. Slemp (Materials Division). 
Materials were exposed to 500 hours of ultraviolet radiation 
(wavelength range 200-400 nm) produced by a 1000 watt 
xenon arc lamp at an acceleration level of 2 ultraviolet suns 
so that the total UV dose was 1000 equivalent sun hours 
(ESH). Solar reflectance was measured in situ before, 
during and after exposure using the Beckman DK-1A 
spectrophotometer. 

Individual samples were mounted on a water-cooled 
substrate connected to a vacuum push-pull feedthrough in 
a small ion pumped vacuum chamber. Six of these 
chambers, each containing one specimen, surrounded the 
xenon lamp. For UV irradiation, the sample was exposed 
behind a UV transmitting quartz optical flat. For spectral 
reflectance measurement, the sample was translated using 
the push-pull feedthrough into a quartz test tube still in high 
vacuum of 10 -8 torr. The entire exposure chamber and ion 
pump were removed from the UV exposure apparatus and 
placed on the Gier Dunkle integrating sphere. The quartz 
test tube, with the test sample, projected into the 
measurement position of the sphere. Corrections were 
made for the reflectance of the quartz test tube, 
Absorptance was calculated directly from corrected 
reflectance values. For the IITRI materials, emittance 
values of the unexposed samples were measured at Lewis 
using a Hohlraum reflectometer, and after exposure, 
emittance was measured by LTV using the DB-10G 
reflectometer. Because of a malfunction in Lewis’s 

Hohlraum reflectometer, errors in the pre-exposure 
emittance values measured by the Hohlraum may be great. 
For the rest of the materials, each sample was measured 
for emittance at Langley using a DB-100 reflectometer 
before and after exposure. 

Vacuum Ultraviolet Radiation Exposure 

At the Lewis Research Center facilities, vacuum 
ultraviolet (VUV) radiation exposure was performed on 
eleven of the candidate materials. Materials were exposed 
to 333.33 hours of vacuum ultraviolet radiation (wavelength 
range 100-200 nm) produced by a 30 watt deuterium lamp 
with a magnesium fluoride window. The acceleration level 
was 3 vacuum ultraviolet suns so that the total VUV dose 
was 1000 ESH. 

Solar reflectance was measured by LTV Missiles and 
Electronics Group in air before and after exposure using an 
MS-251 Mobile Solar Reflectometer. Solar absorptance 
values were calculated from the reflectance values. Post- 
exposure solar reflectance was also measured for some 
samples at Lewis using a Perkin-Elmer Lambda-9 UV-VIS- 
NIR spectrophotometer. Emittance of each VUV exposed 
sample was measured at LTV using a DB-100 reflectometer. 


The difference between UV exposure and VUV 
exposure refers to the wavelength range of the radiation. 
Although there is a negligible percent of solar radiation in 
this shorter wavelength range (below 200 nm, intensity < 3 
W/m 2 ) as compared to the whole ultraviolet wavelength 
range (up to 400 nm, intensity = 123 W/m 2 ), VUV provides 
higher energy radiation and its effect on materials in the 
space environment must be evaluated. 9 

Atomic Oxygen Exposure 

Materials were exposed in a plasma asher (SPI Plasma 
Prep II), that was run with a background gas of air. 

Samples were exposed to an effective fluence of 2xl0 21 
atoms/cm 2 based on the mass loss of Kapton. Effective flux 
during ashing varied between 4.5xl0 15 and 7xl0 15 
atoms/cm 2 sec. 

Ram atomic oxygen fluence on Space Station Freedom 
surfaces in a constant density orbit over a period of 30 years 
is expected to be approximately 1.5x1 0 23 atoms/cm 2 . 16 The 
orientation of the SDR surfaces is ideally expected to be 
edge-on, 90°, to the ram direction. An estimate of the 
amount of atomic oxygen that surfaces in this orientation 
will experience is 4.4% of the ram fluence. 17 However, a 
conservative estimate of the error in this anticipated 
orientation may be 5° off in either direction from the 
edge-on orientation which would cause the radiator surfaces 
to vary between 85° and 95° with respect to ram. In this 
case, the average amount of atomic oxygen fluence these 
surfaces will experience is 5.7% of the ram fluence. 17 Using 
this assumption, the expected atomic oxygen fluence on 
SDR surfaces is expected to be 8.6xl0 21 atoms/cm 2 over 30 
years. Therefore, the exposure level used in these 
experiments, 2X10 21 atoms/cm 2 , represents approximately 
23% of full life or 7 years in the Space Station Freedom 
environment. In order to assure durability, however, 
surfaces are to be designed to be durable to conditions of 
much greater fluence. The SDR surfaces are to be designed 
for exposure to an atomic oxygen flax of 3.35xl0 13 
atoms/crrrs, which represents a fluence of 3.36xl0 22 
atoms/cm 2 over 30 years. 18 So the exposures performed 
here represent only 6% of the design life. 

The atomic species in the air plasma are at thermal 
energies, approximately 0.1 eV. This is considerably lower 
than the energy of oxygen atoms colliding with the orbiting 
Space Station, approximately 4.5 eV. Also, the 
directionality of attack of the atomic species in the plasma 
asher is random, whereas the Space Station Freedom orbit 
for the radiator surface allows for a sweeping ram direction 
of attack. Chemically, the processes of atomic oxygen 
damage have been observed to be similar between the asher 
environment and the space environment; materials which 
survive the asher usually survive the LEO environment, and 
materials which degrade in the asher undergo degradation 
in LEO. However, the results of asher exposures are 
qualitative rather than quantitative, so that the asher is a 
good instrument to use for determining whether or not a 
material will degrade, but not for quantitative determination 
of the rate of degradation. 

Prior to ashing, Kapton witness coupons were 
dehydrated for at least two days in a desiccator at a pressure 
of approximately 60 mTorr so that the measured mass 
would not be in error due to absorbed moisture. Before 
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and after exposure, solar reflectance and emittance of the 
samples were measured at LTV using a MS-251 Mobile 
Solar Reflectometer and a DB-100 Reflectometer, 
respectively. Optical micrographs were also taken of the 
samples after exposure. 

Vacuum Thermal Cycling 

Samples were vacuum thermal cycled for 10 to 15 
cycles between -100°F and +300°F, with a 15 minute "soak” 
during which the sample remained at temperatures between 
+ 297°F and + 304°F. The temperature was measured by 
using a thermocouple embedded and epoxied in the surface 
of a representative sample. Optical micrographs of the 
samples were taken before and after vacuum thermal cycling 
to observe cracking or other macroscopic surface 
morphology changes. Samples that did not show cracking 
were vacuum thermal cycled for additional cycles up to 25. 


Results 

Tables III, IV and V show changes in optical 
properties due to UV exposure, VUV exposure and plasma 
ashing, respectively. In discussing the changes in optical 
properties, measurements which were made using the same 
instrument both before and after exposure will be 
compared. Additional measurements are provided to show 
the agreement of results among various instruments. 

UV Exposure 

Table III shows the summary of changes in optical 
properties for the materials that were exposed to UV 
radiation. Among the white paint coatings, Z-93, YB-71 and 
the S13G/LO materials, the post-exposure emittance values 
were acceptably within the 0.9 requirement. These 
materials showed changes in the in situ-measured solar 
absorptance values of 0.02 or less upon exposure to UV as 
shown in Figure la. The only exception was a YB-71 
sample that showed an increase in solar absorptance of 0.09. 
This was considered to be anomalous, so a second sample 
of YB-71 was tested. This sample showed a lower initial 
value solar absorptance and a negligible change in solar 
absorptance. 

The second-surface metallized Teflon coatings, silicon 
dioxide coated silvered Teflon (Si0 2 /FEP/Ag/Inconel), 
silicon dioxide coated aluminized Teflon (Si0 2 /FEP/Al) 
and cerium oxide coated aluminized Teflon (0eO 2 /FEP/AJ) 
showed negligible changes in emittance, but slight changes 
in solar absorptance as shown in Table III and Figure lb. 
The solar absorptance of silicon dioxide coated silvered 
Teflon increased by 0.05, and the silicon dioxide coated 
aluminized Teflon increased by 0.04 upon exposure to 1000 
equivalent sun hours (ESH) of UV radiation. The cerium 
oxide coated aluminized Teflon showed the largest increase 
in solar absorptance of 0.09 from 0.23 to 0.32. At this level 
of exposure, the changes in solar absorptance do not appear 
to level off indicating that there may be continued change 
with further exposure. 

The anodized aluminum samples (0.5 mil and 1.0 mil 
oxide) showed negligible changes in emittance and solar 


absorptance upon exposure to 1000 ESH of UV as shown in 
Table III and Figure lc. 

vyv Expo sure 

The results of these tests are shown in Table IV. Z-93, 
YB-71 and the S13G/LO materials showed changes in 
emittance within 0.02 which is within instrument accuracy. 
Exposure to VUV radiation caused significant increases in 
the solar absorptance of the S13G/LO materials. The 
increases for the -41, -51 and -1 were 0.19, 0.29 and 0.29, 
respectively, so that the final solar absorptance values were 
at or above the requirement for solar absorptance values of 
<0.3. Appearance of the S13G/LO coatings changed from 
white to tan in color as a result of the VUV exposure. The 
Z-93 sample showed a decrease of 0.05 in solar absorptance. 
A decrease in solar absorptance is not considered to be 
damaging to the optical performance of the material. The 
YB-71 showed an increase of 0.06 in its solar absorptance 
value from 0.08 to 0.14, still well within the <0.3 
requirement. Visual inspection of the Z-93 and YB-71 
showed that the coatings were slightly yellowed as a result 
of exposure. 

The second-surface metallized Teflon materials 
Si0 2 /FEP/Ag/Inconel and Si0 2 /FEP/Al showed negligible 
changes in emittance but large increases in solar 
absorptance of 0,11 and 0.12, respectively. The cerium 
oxide coated aluminized Teflon showed a 0.01 decrease in 
emittance, which is considered to be negligible, and a 0.08 
increase in solar absorptance giving a final solar absorptance 
value of 0.31. This is higher than the end-of-life maximum 
solar absorptance requirement for the radiator surfaces. 

The anodized aluminum materials (0.5 mil and 1.0 mil 
oxide) showed negligible changes in emittance. The 0.5 mil 
anodized aluminum showed a decrease of 0.08 in solar 
absorptance which is not considered to be damaging to the 
optical performance of the surface. The 1.0 mil anodized 
aluminum maintained its solar absorptance value of 0.21. 

The plasma sprayed alumina coatings showed a 
negligible change in emittance but an increase in solar 
absorptance of 0.05, from 0.28 to 0.32, beyond the end-of- 
life maximum requirement of 0.3. 

Atomic Oxygen Exposure 

The results of these tests are shown in Table V. The 
white paint coatings, Z-93, YB-71 and the S13G/LO 
materials, showed negligible changes in emittance upon 
exposure in the air plasma asher. Z-93 and the S13G/LO 
materials showed solar absorptance changes within 
instrument accuracy. By far, the most significant change in 
optical properties was observed with YB-71. Upon visual 
inspection the color of the coating had changed from white 
to bluish gray. Because of this result, another YB-71 sample 
was exposed to a plasma asher run with oxygen feed gas. 
This sample showed a significantly lower solar absorptance 
change upon exposure to a greater value of fluence as 
shown in Figure 2 and Table V. 

The second-surface metallized Teflon materials, 
Si0 2 /FEP/Ag/Inconei and Si0 2 /FEP/Al showed negligible 
changes in emittance. An increase in solar absorptance of 
0.05 was observed for Si0 2 /FEP/Al, while the change for 
$i0 2 /FEP/Ag/Inconel was within instrument accuracy. 
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Ce0 2 /FEP/Al showed an increase in emittance of 0.02 and 
an increase in solar absorptance of 0.05 upon exposure in 
the asher. 

The 0.5 mil and 1.0 mil anodized aluminum samples 
and the plasma sprayed alumina samples showed negligible 
changes in emittance and absorptance upon exposure in the 
air plasma asher. 

Surface Morphology Changes due to Vacuum T hermal 

Optical micrographs of unexposed samples of the white 
paint thermal control coatings Z-93, YB-71, S13G/LO-1 and 
S13G/LO-41 are shown in Figure 3a-d. In comparing the 
surface morphology of the as-received materials at 8x 
magnification, Z-93 showed a more homogeneous 
appearance and a finer texture than the S13G/LO materials. 
As-received YB-71 showed the finest texture and the most 
homogeneous appearance of the white thermal control 
coatings. These materials and the plasma sprayed alumina 
coating (Figure 3e) showed no spalling or surface cracking 
due to exposure to 25 vacuum thermal cycles or 2xl0 _1 
atoms/crrr effective fluence of atomic oxygen exposure. 
S13G/LO-51 appears to undergo slight cracking upon 
exposure to air plasma as shown in Figure 3f. 

The Si0 2 /FEP/Al and Si0 2 /FEP/Ag/Inconel samples 
contained surface scratches prior to thermal cycling as 
shown in Figure 3g-h. With the optical microscope, the 
scratches appeared when the sample was in a specific 
orientation with respect to the illumination lamp used while 
taking the micrograph. These scratches were all uniform 
and nearly parallel to one another. Before thermal cycling, 
these scratches were the only surface details observed for 
these samples. After 15 vacuum thermal cycles, a variety of 
surface defects appeared on the Si0 2 /FEP/Aluminum as 
shown in Figure 3g, and cracking was observed on 
Si0 2 /FEP/ Silver/Inconel as shown in Figure 3h. In order 
to show these defects and cracks in the micrographs, it was 
necessary to orient the sample with respect to the 
illumination source such that the original scratches were not 
observed. Ashing also caused surface cracking of the 
Si0 2 /FEP/ Aluminum and the Si0 2 /FEP/Silver/Inconel as 
shown in Figure 3g-h; however, this cracking appeared to 
have a minimal effect on optical properties, since the 
changes in emittance and solar absorptance were small as 
shown in Table V. 

Surface defects and cracks appeared upon exposure of 
the Ce0 2 /FEP/AJuminum material to 15 vacuum thermal 
cycles as shown in Figure 3i. Air plasma ashing appeared 
to cause significant erosion of the cerium oxide surface layer 
of this coating exposing much of the FEP Teflon 
underneath. Optical micrographs of the sample exposed to 
air plasma ashing showed some spalling and removal of the 
cerium oxide coating exposing the surface of the Teflon as 
shown in Figure 3i. The cerium oxide appears as the 
smoother surface at the top of the photograph of the ashed 
sample. These results indicate that this material would not 
be durable in the atomic oxygen environment of LEO, since 
the protective coating erodes exposing Teflon, a potential 
contaminant to nearby surfaces. Surface cracks appeared on 
both the 0.5 mil and 1.0 mil anodized aluminum coating as 
a result of exposure to 15 thermal cycles as shown in Figure 
3j-k. However, the anodized coating appears to be intact; 


no flaking of the oxide was observed. Air plasma ashing did 
not cause any surface morphology changes in the anodized 
aluminum materials. 


Discussion 

White Thermal Control Coatings 

The white thermal control coatings, Z-93, S13G/LO-41, 
S13G/LO-1, S13G/LO-51 and YB-71 maintained emittances 
which were within the >0.9 requirement upon exposure to 
UV, VUV and atomic oxygen exposure as shown in Tables 
III, IV, and V, respectively. Of the materials tested in this 
effort, these were the only ones which met this emittance 
requirement. 

The solar absorptance change for the oxygen plasma 
ashed YB-71 sample was small, whereas the air plasma 
ashed YB-71 sample showed a large solar absorptance 
increase. The reason for the difference in results between 
the air plasma and oxygen plasma exposed samples appears 
to be a result of a reaction of the pigment with the nitrogen 
present in the air plasma asher. Since the amount of 
nitrogen present in LEO is very small, this magnitude of 
degradation is not expected to occur in LEO. In general, 
the oxygen plasma asher exposure more closely simulates 
the LEO atomic oxygen environment; however, air plasma 
is used normally for convenience. In this testing, YB-71 
appears to be the only nitrogen sensitive material, since all 
other materials showed insignificant changes in optical 
properties upon air plasma ashing. 

The white paint coatings appeared to be durable to 
vacuum thermal cycling since cracking was not observed. 
The S13G/LO-51 and -1 materials did not appear to be 
durable to exposure to VUV radiation (100-200 nm 
wavelength), since their solar absorptance values after 
exposure were not within the end-of-life solar absorptance 
requirement of <0.3. The S13G/LO-41 material showed a 
solar absorptance value of 0.30 upon exposure to 1000 ESH 
VUV which is within the requirement; however, the level of 
testing here did not represent the full 30 year life, and if the 
solar absorptance were to increase with further testing, the 
requirement would not be met. These materials showed 
durability to UV radiation (200-400 nm wavelength), 
however. Additionally, the S13G/LO-51 underwent slight 
cracking upon air plasma ashing which may indicate a lack 
of durability in the atomic oxygen environment. 

Based on this testing, Z-93 and YB-71 were the best 
performers with respect to optical properties and LEO 
environmental durability. 

Second-Surface Metallized Teflon Coat in g s 

Si0 2 /FEP/aluminum and Si0 2 /FEP/silver/inconeI 
showed negligible changes in emittance upon exposure to 
UV, VUV and air plasma ashing; however, their emittance 
values did not meet the beginning-of-life requirement. 
These samples showed a lack of durability to VUV exposure 
as evidenced by solar absorptance changes. Only small 
changes in solar absorptance were observed for samples 
exposed to UV and air plasma ashing. 

Despite cracking of the Si0 2 surfaces upon exposure to 
air plasma ashing and vacuum thermal cycling, the integrity 
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of these coatings did not appear to be compromised. No 
loss of the cracked Si0 2 coating was observed using optical 
microscopy, and only small areas of FEP were exposed 
between the cracks. This Si0 2 coating, even with cracks, 
would be necessary in order to keep the underlying FEP 
from becoming a contaminant to surfaces near the radiator 
in LEO. 

The Ce0 2 /FEP/ Aluminum sample showed negligible 
changes in emittance upon exposure to UV and VUV and 
an increase in emittance of approximately 0.03 upon 
exposure to air plasma ashing. Solar absorptance of the as- 
received material was greater than the beginning-of-life 
requirement of <0.2 and, upon exposure to the simulated 
LEO environments, increases in solar absorptance resulted 
in final values of solar absorptance close to or above the 
end-of-life requirement of <0.3, Visual inspection of this 
sample after ashing showed a great loss of cerium oxide 
from the surface and texturing of the underlying Teflon 
surface, which is characteristic of atomic oxygen exposed 
Teflon. 19, 20 This texturing of Teflon would likely be the 
reason for the increase in emittance of 0.03. Because of the 
loss of the Ce0 2 coating upon exposure to atomic oxygen, 
and because the solar absorptance increases to values near 
or greater than 0.3 upon exposure to LEO simulation 
environments, this material would not be appropriate for 
use on radiator surfaces in LEO. 

Sulfuric Acid Anodized Aluminum 

The anodized aluminum materials showed negligible 
changes in emittance and solar absorptance increases of 0.03 
or less upon exposure to the simulated LEO environments 
of UV, VUV and air plasma ashing. Although the surfaces 
of these samples underwent cracking upon exposure to 15 
vacuum thermal cycles, the anodized coating still appeared 
to be intact. 

Overall these materials appeared to be durable to the 
simulated LEO environmental effects although their 
emittance values did not meet the >0.9 requirement. 

Plasma Sprayed Alumina 

Samples of plasma sprayed A1 2 0 3 showed negligible 
changes in emittance and small changes (<0.03) in solar 
absorptance upon exposure to VUV and air plasma ashing; 
however, the emittance values did not meet the >0.9 
requirement. 

Performance of Candidate Radiator Materials 

It is necessary to consider the mass per unit area of the 
radiator coatings when evaluating their performance. Table 
VI includes measured values of mass/area after air plasma 
ashing, vendor specifications for the unexposed coatings, 
emittance after ashing and solar absorptance after VUV 
exposure for each. The post-exposure emittance and solar 
absorptance values are given to show the greatest amount of 
damage to optical properties observed in this testing. The 
materials are listed in order of decreasing post-ashing 
emittance values. Z-93 has the highest emittance value so 
that the least amount of surface will be needed to provide 
the required thermal control, and it has a relatively low 
mass per area. YB-71 has the highest value of mass per 


area, greater than three times that of Z-93, and the 
emittance is slightly lower than Z-93 so that a slightly 
greater amount of surface area will be required to provide 
the same thermal control. The lowest mass per area values 
are for the 0.5 mil and 1.0 mil aluminum anodize coatings. 
However, because they have emittance values which are 
considerably lower than Z-93, a substantially greater amount 
of surface would be needed to provide the same thermal 
control. 


Concluding Remarks 

In terms of performance and durability upon exposure 
to the simulated LEO environments, the most appropriate 
coatings for use on solar dynamic power module radiator 
surfaces of those tested in this effort were Z-93 and YB-71, 
since they maintained their superior optical properties upon 
exposure to UV radiation, VUV radiation and atomic 
oxygen and did not show cracking upon atomic oxygen 
exposure and vacuum thermal cycling. 

This comprehensive screening effort gives an indication 
of the durability and performance of radiator materials upon 
being subjected to the individual environmental effects of 
solar ultraviolet radiation, atomic oxygen and thermal 
cycling. These results alone are not adequate for 
determining the overall LEO durability of radiator coatings. 
It is also important to determine the effects of other 
environmental hazards such as micrometeoroid and debris 
impacts and contamination. Additionally, the most 
promising coatings should be tested in longer duration 
exposures to a combination of LEO simulated environments 
to allow predictions to be made regarding performance and 
durability over their anticipated 30-year lifetime. 


Acknowledgements 

The authors would like to acknowledge Richard Mell 
(Illinois Institute of Technology Research Institute), Phyllis 
Ellingboe (Sheldahl, Inc.) and Robert Alwitt and Scott 
Stillwell (Boundary Technologies, Inc.) for their assistance 
in providing technical information about thermal control 
surfaces. 

The authors would also like to acknowledge the 
technical counsel of Bruce Banks and Sharon Rutledge 
(NASA Lewis Research Center, Electro-Physics Branch) and 
Ed Braunscheidel (NASA Lewis Research Center, Solar 
Dynamic Power Systems Branch). 


References 


1. P. M. Blair, Jr.; G. F. Pezdirtz and R. A. Jewell; 
Ultraviolet Stability of Some White Thermal Control 
Coatings Characterized in Vacuum," AIAA Paper No. 
67-345, April 1967. 

2. D. Farnsworth and J. Buckley, ’Test Parameters, 
Material Characterization, and the White Thermal 
Control Coating Stability Problem," AIAA Paper No. 
69-641, June 1969. 


6 


3. M. McCargo, S. A. Greenberg and N. J. Douglas, "A 
Study of Environmental Effects Upon Particulate 
Radiation-Induced Absorption Bands in Spacecraft 
Thermal Control Coating Pigments," AIAA Paper No. 
69-642, June 1969. 

4. K. E. Steube and R. M. F. Linford, "Long-Duration 
Exposure of Spacecraft Thermal Coatings to Simulated 
Near-Earth Orbital Conditions," AIAA Paper No. 
71-454, April 1971. 

5. G. A. Zerlaut and Y. Harada, "Stable White 
Coatings, "JPL Contract No. 95011, Report No. IITRI- 
C207-25, August 1963. 

6. G. A. Zerlaut, J. E. Gilligan and Y. Harada, 
"Development of Space-Stable Thermal Control 
Coatings," NASA/MSFC Contract No. NAS 8-5379, 
Report No. IITRI-C6014-18, December 1964. 

7. J. E. Gilligan and Y. Harada, "Development of Space- 
Stable Thermal-Control Coatings for Use in Large 
Space Vehicles," NASA/MSFC Contract No. NAS 
8-26791, Report No. IITRI-C6233-57, March 1976. 

8. Y. Harada, "Space Stable Thermal Control Coatings," 
NASA/MSFC Contract No. NAS 8-31906, Report No. 
IITRI-M06020-62, November 1982. 


16. J. T. Visentine, "Environmental Definition of the 
Earth’s Neutral Atmosphere," NASA Conference 
Publication 3035 Part 1, May 1989. 

17. R. J. Bourassa and J. R. Gillis, "Atomic Oxygen Flux 
and Fluence Calculation for Long Duration Exposure 
Facility (LDEF)," Data Summary for work accomplished 
under NAS1-18224, Task 12, LDEF Materials Data 
Analysis, August 1990. 

18. Rockwell International Corporation, Rocketdyne 
Division, Specification RC 1800 Rev. C, January 1990. 

19. B. A. Banks, Ton Beam Applications Research - A 1981 
Summary of Lewis Research Center Programs," NASA 
Technical Memorandum 81721, April 1981. 

20. B. A. Banks, "Atomic Oxygen," LDEF Materials Data 
Analysis Workshop . NASA Conference Publication 
10046, p. 191. 


9. J. T. Durcanin, D. R. Chalmers and J. T. Visentine, 
"The Definition of the Low Earth Orbital 
Environment and its Effects on Thermal Control 
Materials," AIAA Paper No. 87-1599, June 1987. 

10. J. H. Weaver, "Effects of Vacuum-Ultraviolet 
Environment on the Optical Properties of Bright 
Anodized Aluminum," AFML Report No. TR-64-355, 
January 1965. 

11. D. Duffy, "Final Report on Development of 
Durable/Long-Life Radiator Coatings," Final Report 
for Contract No. NAS 9-17430, April 1988. 

12. R. S. Alwitt, "SBIR Phase I: Conditions for Thermal 
Cycle Testing of Long-Life Radiator Coatings," Final 
Report for Contract NAS 9-18087, August 1989. 

13. M. J. Mirtich, et al, "The Emittance of Space Radiator 
Materials Measured at Elevated Temperatures," NASA 
Technical Memorandum 101948, April 1988. 

14. J. H. Henninger, "Solar Absorptance and Thermal 
Emittance of Some Common Spacecraft Thermal- 
Control Coatings," NASA Reference Publication 1121, 
April 1984. 

15. D. A. Gulino, R. A. Egger and W. F. Banholzer, 
"Oxidation-Resistant Reflective Surfaces for Solar 
Dynamic Power Generation in Near Earth Orbit," 
NASA Technical Memorandum 88865, October 1986. 


TABLE I - REQUIREMENTS FOR SOLAR DYNAMIC 
AND PHOTOVOLTAIC RADIATOR COATINGS 


' 

Photovoltaic 
Power Module 

Solar Dynamic 
Power Module 

Life ! 

30 years 

30 years 

I S^lar Absorptance j 

Beginning of life ; 

0.2 

0.2 

End of life 

0.2 

0.3 

1 Emittance 

Beginning of life 

0.0 

0.0 

End of life 

0.0 

0.0 

I Operating Surface I 

Temperature 

-25*F to - 1 0*F 

250 ± 3*F 

Range 



Operating Thermal 



Cycle 

Requirements 

175,320 cycles 

175.320 cycles 

I Startup and 

Shutdown 



Temperature 

- 1 07*F to - 120"F 

-100’F to -250-F 

Range 

Requircmen 1 s 



1 Startup and Shutdown 1 

Thermal Cycle 
Requirements 

100 cycles 

11)0 cycles 

Vacuum Ultraviolet 


10,320 

Radiation Durability 


equivalent 

Requirements 


sun hours 
3.36 x 1022 

atoms/cm? 

Atomic Oxygen 


with average 

Durability 


flux of 

Requirement s 


3.35 x I0 13 



atoms/cm^ * 3 
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TABLE I - NSTRUMENTS FOR OPTICAL 
PROPERTES MEASUREMENT 


TABLE IV - EFFECTS OF VUV EXPOSURE 
ON OPTICAL PROPERTIES 


Test Site 

€ Measurement 

01 Measurement 

NASA Lewis 

1. Hohlraum 
Reflectometer 

2. DB-100 



Perkm-Elmer 9 
Spectrophotometer 

NASA Langley l 

DB-100 

Reflectometer ! 

I 

i Beckman DK-1A 
I Spectrophotometer 

j 

LTV MAE Co. 1 

| 

1 

DB-100 

Reflectometer 

MS-251 Mobile 
Solar Reflectometer 


TABLE III - EFFECTS OF UV EXPOSURE 
ON OPTICAL PROPERTES 


1000 ESH. 2 Solar Constanta 


Material 

Emittance 

Absorptanee 

Before 

After 

Before [ After 

1 

ca 

0.92*H 

0.92** 

0.02* 

0. 17* 
0.18 

0.1 1** 
0.17 
0.13* 

S 13G/LO-41 

0.90*11 

0.09** 

0.90* 

0.16* 

0.16 

0.11** 

0.17 

0.13* 

0.13** 

0.20 

0.15* 

SI3G/L0-I 

0.9 mi 

0.90** 

0.91* 

0.19* 

0.18 

S13C/L0-5I 

0.08*11 

0.89** 

0.09* 

0.15* 

0.15 

0.I1-* 

0.16 

0.12* 

YB-71 

0.00*11 

0.89** 

0.1 1* 
0.10 

0.09’* 

0.19 

0.89 

| 0.89 

; o.oo* 

0.07 

0.07 

0.07* 

CeOj/FEP/ Al 

0.00 ! 

0,81 

i °’ 81 * 
0.83 
0.84* 

0.25* 

0.23 

0.29* 

0.32 

l.Omil Anodized Al 

0.83 

0.20* 

0.18 

0.20* 

0.19 

O.Smil Anodized Al 

0.70 

0.78 

0.00* 

0.17* 

0.15 

0.19* 

0.17 

SiOj/FEP/ Al 

0.76 

0.76 

0.70* 

0.06 

0.10 
0.1 l* 

Si0,/FEP/ Ag/Inc 

0.76 

0.76 

0.76* 

0.12 

0.17 

0.19* 


Measurements made at Langley (DB-100, DK-1A) 


unless otherwise noted 
• Measured at Lewis (DB-100, PE Lambda-9) 
•II Measured at Lewis (Hohlraum) 

•• Measured at LTV (DB-100. MS-251) 


1000 ESH, 3 Solar Constants 


Material 

| Emittance 

Absorptanee j 

| Before 

After 

Before 

j After 

Z-93 

| 0.92 

0.92 

0.93* 

0.22 

j 0.17 
| 0.18* 

SI 3G/LO-4 1 

1 

[ 0.90 

0.89 

0.90* 

0. 1 1 

; 0.3 

I 0.34* 

S13G/L0- l 

[ 0.91 

6.89 

0.90* 

0.12 

- 0.33 
: 0,37* 

S13G/L0-51 

0.89 

0.88 

0.80* 

0.10 

j 0.39 
; 0.41* 

YD -71 

0.90 

0.00 

0.00* 

0.00 

; o.i4 
; O i l* 

CeO,/FEP/Al 

0.01 

0.80 
! 0.8 1 * 

0.23 

i'0.:j|* 

0.28 

l.Omil Anodized Al 

‘ 0.03 , 

0.82 
| 0.05* 

0.21 

0.25* 

L°*2l 

1 j 

plasma Sprayed AlsO, j 0.80 

j J 

! 0.60 
! 0.00* 

0.2B 

1 0.32 
j 0.33* 

0.5mil Anodized Al 

0,70 

0.70 
| 0.01* 

0.30* 

i 0.22* 
; 0.22 

SiOj/FEP/Al 

0.76 

i 0.75 
: 0.76* 

9.13 

i 0.25 
! 0.26* 

SiOj/FEP/Ag/Tnc 

0.76 

I 0.75 
0.76* 

0.05 

! 0.16 
0.20* 


• Measured at Lewis OJB-100, PE Lambda-9), 
all others measured at LTV (DB-100, MS-251) 


TABLE V - EFFECTS OF PLASMA ASHING 
ON OPTICAL PROPERTIES 


Total Fluence = 2xl(7 l alurns/cm 3 


Emittance | Absorptanee 

Material 1 

Before I After Before ; After 

i 0.92 1 0.15 

Z-93 j 0.93 | 09 ,. | 0.12 ;o il . 

S13G/L0— 41 | 0.90 \J™\ 0.12 \™, 

S13C/LO-1 | 0.91 j 0 °; 90 °. j 0.13 j 

S13C/L0-51 

0 09 ! 0.30- | 011 

0.12 

0.12* 

0.44 

0.3G* 

YB-71 

\ 0 89 

0.90 | 0 ° 90 .j 0.00 

YB-71 (Oxygen Plasma, 
3.5x lO^atoma/ cm*) 



0.08* i 0.14* 

CeOj/FEP/ Al 

1 0.83 
001 | 0.83* 

: 0.28 
0.23 1 

0.26’ 

l.Omil Anodized Al 

„ : 0 02 
0 02 j 0.04* 

0.21 

0.2 L 
0.20* 

Plasma Sprayed A^O, 

. | 0.80 
000 jo.oi* 

0.27 

0.2G 

0.26* 

0.5mil Anodized Al 

0.70 

0.70 

0.80* 

0,7 

0.20 

0.18* 

Si0,/FEP/ Al 

0.76 

0.77 

0.78* 

0.13 

0.10 

0.10* 

SiOj/FEP/ Ag/Inc 

0.76 

0.76 

0.76* 

0.05 

0.06 

0.07* 


• Measured at Lewis (DB-100, PE Lambda-9) 
all others measured at LTV (DB-100, MS-251) 
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TABLE VI - PERFORMANCE OF CANDDATE RADIATOR COATNGS 


Material 

Emittance 

After 

Ashing 

Solar 

Absorptance 
After VUV 
Exposure 

Mass/ Area (g/cm 2 ) 

Measured 
(after ashing) 

Vendor 

Specs. 

(unexposed) 

Z-93 

0.920 

0.18 

'Sj- 

O 

O 

© 

+1 

CO 

o 

o 

0.0162 

S13G/LO-41 

0.901 

0.34 

0.036 ±0.0014 

0.0376 

S13G/LO-1 

0.898 

0.37 


0.0561 

S13G/LO-51 

0.893 

0.41 

0.041 ±0.0014 

0.0413 

YB-71 

0.887 

0.14 

0.060 ±0.0014 

0.0572 

Ce0 2 /FEP/Al/Isotac 

0.834 

0.25 

0.031 ±0.0014 

0.036 

1.0 mil Anodize (on AI) 

0.816 

0.33 

— 

0.0069 

Plasma sprayed Al 2 Ch 

0.804 

0.33 

0.054 ±0.00 14 


0.5 mil Anodize (on Al) 

0.779 

0.22 

— 


Si0 2 /FEP/Al/Isotac 

0.770 

0.26 

0.035 ±0.0014 

| 

Si0 2 /FEP/Ag/Iconel/Isotac 

0.760 

0.20 

0.032 ±0.0014 
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Solar Absorptance 


UV Equivalent Sun Hours 
0 200 400 600 800 1000 



— Z-93 — Y8“7 1, #26 

— A* — Si 3G/LO-5 1 Si 3G/LO- 1 

■ S13G/LO-41 ’□ VB-71. #2 

a) White thermal 
control coating 



StCX/FEP/A I -Ar- SiOj/FEP/Ag ■ CeO/FEP/AI 

b) Second-surface 
metalized PEP 



Exposure Time (hrs.) 

— 0.5 mil -*■- 1 mil 

Anodized Al Anodized Al 

c) Anodized Al 

Figure 1: Solar absorptance 

as a function of UV exposure 



Figure 2: Solar absorptance of 

YB-71 as a function of oxygen 
and air plasma ashing 
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a) Z-93 b) YB-71 c) S13G/LO-1 d) S13G/LO-41 





k) 1.0 rri Anodzed Al 4 mm 


Figure 3: Effects of air plasma ashing and thermal eyeing on surface morphology of canddate radator materials 
(A: unexposed, B: air plasma ashed, C: thermal cycled) Scale 1mm, except where noted 
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